In recent years, a comprehensive understanding of electrical spin injection from ferromagnets into lateral semiconductor structures and electrical non-local spin detection has been established, 1,2 well described by the standard spin driftdiffusion model. 3, 4 Specifically, III-V semiconductor materials are good candidates for spintronic devices since the lack of inversion symmetry allows electrical tuning of spin precession through spin-orbit interactions. [5] [6] [7] Spin-injection devices with a III-V semiconductor channel are inevitably affected by dynamic nuclear spin polarization (DNP) and associated electron spin relaxation due to hyperfine interaction because of non-zero nuclear spins. [8] [9] [10] [11] [12] [13] [14] [15] The hyperfine interaction is considered very useful for manipulating nuclear spins by electrical and optical means at relatively small external magnetic fields. 16 It also allows us to detect nuclear spin polarization optically 8, 9 or electrically 11, 12 through nuclear magnetic resonance (NMR) measurements. On the other hand, the nuclear magnetic field strongly modulates electron spin states, potentially hampering spintronic device applications. Actually, it has been reported that the DNP in a semiconductor channel strongly modulates the Hanle type spin precession. 11, 12, 15, 17 Therefore, the coupling strength between nuclear and electron spin systems, characterized by a leakage factor f, and its spatial variation in the pure spin current region are of great importance not only for in-depth understanding of DNP but also for actual applications of spin devices. A quantitative evaluation of the local variation of DNP along the channel has not been, however, clearly addressed so far in a resistive (electrical) detection method.
In this paper, we study the spatial variation of nuclear spin polarization in a lateral spin injection device using (Ga,Mn)As/n þ -GaAs spin-Esaki diodes as spin injectors and spin detectors. 2, [18] [19] [20] The high spin injection/detection efficiencies and a long spin diffusion length allow us to map the distance dependence of the nuclear spin polarization in steps of 5 lm up to 20 lm, with a large signal-to-noise ratio. The leakage factor f was evaluated by performing self-consistent calculations based on the spin drift-diffusion equation, taking the nuclear magnetic field into account. 12 When nuclear and external magnetic fields cancel, the Hanle curves exhibit satellite peaks, which are a direct measure of the nuclear magnetic field. 11 The measurements and self-consistent analysis revealed that the nuclear spin polarization, induced by a pure spin current, is spatially inhomogeneous in the non-local region.
A schematic of the investigated device is depicted in Fig. 1(a) . An electrical spin injection and detection device was fabricated from an epitaxial wafer consisting of a semiinsulating (001) GaAs substrate, a 0.3-lm-thick GaAs buffer layer, a 0.5-lm-thick (Al,Ga)As/GaAs superlattice, a 0.8-lmthick n-GaAs channel layer, 0.2-lm-thick n þ -GaAs, a 15-nmthick n þ ! n þþ -GaAs transition layer, 8.0-nm-thick n þþ -GaAs, a 2.2-nm-thick low-temperature grown (Al,Ga)As diffusion barrier, and 50-nm-thick (Ga,Mn)As. The corresponding doping concentrations of each GaAs layer were n ¼ 2 Â 10 16 cm
, and n þþ ¼ 6 Â 10 18 cm
À3
, respectively. First, standard photolithography and wet chemical etching were used to define a 50-lm-wide mesa oriented along the y//[110] direction. Then, ferromagnetic contacts along x//[1-10] were defined by electron beam lithography, Au/Ti evaporation, and the lift-off technique. The width of all the ferromagnetic contacts was 0.5 lm, and each center-to-center distance between neighboring contacts was 5 lm. Next, large contact pads were deposited at both ends of the mesa using photolithography and Au/Ti evaporation. Finally, (Ga,Mn)As and the high doping layers down to n-GaAs were removed by reactive ion etching to leave a 0.8-lm-thick low doped n-GaAs transport channel. For performing non-local measurements, contact 2 was used as a spin injector, whereas other contacts 3, 4, 5, and 6 were employed as spin detectors at distances of L ¼ 5, 10, 15, and 20 lm from the injector, respectively. The spin a)
Author to whom correspondence should be addressed: junichi.shiogai@ imr.tohoku.ac.jp injection current I inj was driven between contacts 2 and 1. The non-local voltages V 3 , V 4 , V 5 , and V 6 were measured with respect to the reference contact 7.
Spin accumulation created underneath the injector diffuses into the non-local region, resulting in a pure spin current. Due to spin-charge coupling, a spin dependent electrochemical potential can be measured electrically. The nonlocal voltage measured at the detector with spin accumulation Dl ¼ (l " Àl # )/2, with l r being the electro-chemical potential for the spin channel r, can be expressed as 4,21,22
Here, P det is the spin detection efficiency, n and D(E F ) are the carrier concentration in the channel and the density of states at the Fermi level for a single spin channel, respectively, and P s is the spin polarization in the channel, defined as (n " À n # )/(n " þ n # ), with n r being the spin density for the spin channel r and e being the elementary charge. From nonlocal spin-valve measurements, P det $0.44 was extracted. From the dependence of the non-local spin-valve signal DV NL on L (not shown), k sf was determined to be 7.6 lm. This value is comparable to that in our previous report. 14 The regular Hanle curve [red circles in Fig. 1(b) ] was obtained by sweeping the perpendicular magnetic field B z . The following procedure was used to minimize the effect of a nuclear field on the Hanle curves. First, B x ¼ þ1 T was applied to magnetize the ferromagnetic injector and detectors in the plane, and then, B x was reduced to zero. After waiting for 5 min, B z was swept from zero to þ1 T at a rate of 5 mT/min. Waiting time was needed in order to rule out time-dependent DNP effects. The typical value of nuclear spin relaxation time in our device is 2 min as demonstrated in our previous report with a similar carrier concentration in the channel.
14 Actually, we confirmed that the non-local voltages do not change any more after 5 min of waiting time at zero field. The same procedure was used to sweep B z from zero to À1 T in order to complete a full Hanle curve measurement.
When the non-equilibrium accumulation of electron spins is generated by means of electrical spin injection, the nuclear spins also become dynamically polarized, as has been confirmed for our samples by NMR measurements.
14 As a result of the hyperfine interaction between electron and nuclear spins, a nuclear magnetic field develops in the presence of an external magnetic field. The nuclear magnetic field B N , to which the electron spins are exposed, at the steady state condition, for small spin polarization, neglecting the Knight shift and dipoledipole interactions between nuclear spins, is given by
where S and B ex are the locally varying electron spin polarization and the external magnetic field, respectively, f 1 is a leakage factor, and b N ¼ À17 T in GaAs. 23 The f factor is given by the ratio of the nuclear spin relaxation rate due to the hyperfine interaction and the total nuclear spin relaxation rate as
where T hf is the nuclear spin relaxation time due to the hyperfine interaction and T 1 represents other relaxation mechanisms. Here, we consider that T 1 is dominated by the nuclear spin-lattice relaxation. Note that S ¼ 1/2 when P s ¼ 100% in our definition. The strength of the nuclear field can be estimated from Hanle measurements in the presence of an additional small in-plane field component B x . In accordance with Eq. (2), the component of B ex ¼ B z þ B x which is not orthogonal to the injected spin S leads to a non-zero B N . Electron spins in the conduction band of the channel then experience the sum of the external magnetic field B ex and of the nuclear magnetic field B N . When the strength of B ex is comparable and oriented opposite to the nuclear magnetic field (B ex ¼ ÀB N ), the total magnetic field that electron spins see becomes zero so that the Hanle-type dephasing is strongly suppressed. This leads to the partial recovery of the electron spin polarization. As a result, satellite peaks are observed in Hanle curves, shown in Fig.  1(b) for B x ¼ þ 0.3 mT (red circles). It is important to note that the non-local voltage, i.e., the electron spin polarization at the satellite peak, does not completely recover to the same voltage level as the main peak at B z ¼ 0, see Fig. 2(c) . This implies that the magnetic field seen by the electron spins is the sum of the spatially homogeneous external magnetic field and the inhomogeneous nuclear magnetic fields.
The position of the satellite peak in the Hanle curves is a direct measure of an averaged value of the nuclear magnetic field B N that electron spins see while diffusing. 11 According to Eq. (2), for a given B x , the nuclear field B N is proportional to S, i.e., P s , which depends on the injection current I inj and temperature T. Actually, the peak position strongly depends on temperature, which reflects the temperature dependence of spin injection efficiency of a spin Esaki diode (not shown).
2 Figure  2 peaks follows this trend. The satellite peaks appear only when I inj > 0. To fulfill B ex ¼ ÀB N , the sign of SÁB ex in the numerator of Eq. (2) needs to be positive, as b N < 0 for GaAs. This means that for I inj > 0, S is oriented along B x [see the inset of Fig. 1(b) ]. Reversing the injection current changes the sign of S, and satellite peaks are no longer observed. This is shown in Fig. 2(c) . Because the magnetization of the contacts M was saturated at B x ¼þ1 T before the Hanle sweeps, the spins generated in (extracted from) the channel for I > 0 are, as expected, parallel (antiparallel) to M. 24 The inhomogeneous distribution of the nuclear spin polarization in the channel was further confirmed by the dependence of the satellite peak position on the injector-detector separation L. Figure 3 shows the Hanle curves for I inj ¼ þ7 lA measured at the detectors at distances of L ¼ 5, 10, 15, and 20 lm from the injector (open circles). The amplitude of the main peak decreases with distance L because of electron spin diffusion following P s (L) ¼ P s (0)exp(ÀL/k sf ). In addition, the satellite peaks shift to smaller magnetic fields for larger L. We attribute such a distance dependence to the decay of the nuclear spin polarization with the increasing distance. Note that nuclear spin diffusion can be neglected because of the much smaller diffusion constant D N ¼ 10 À13 cm 2 /s compared to electron spin diffusion. 25 In order to quantitatively evaluate the spatial variation of the nuclear spin polarization and to determine the leakage factor f in Eq. (2), we performed numerical calculations based on the one-dimensional spin drift diffusion model in the presence of a nuclear magnetic field In the numerical calculations, we neglect the effect of stray fields from the (Ga.Mn)As ferromagnetic contacts, as the saturation magnetization of (Ga,Mn)As is relatively small in the investigated temperature range. 26 As both Eqs. (2) and (4) are inter-dependent and non-linear equations, the solution needs to be obtained self-consistently. Here, the values of f and s sf are treated as fitting parameters. In Fig. 3 , the best fits are plotted as solid lines, taking f ¼ 0.3 and s sf ¼ 10 ns as common parameters for all L. The simulation reasonably reproduces the data. Such a value of f, slightly smaller than the one obtained in spin-LED structures with a non-doped quantum well, 10 indicates that the nuclear spin relaxation time due to the hyperfine interaction is approximately 2 times longer than that due to the other mechanisms, such as nuclear spin-lattice relaxation. We ascribe such weakly coupling between nuclear and electron systems to the carrier concentration range being close to the metal-insulator transition in the present channel. For GaAs, the electron spins localized to a donor impurity are significantly influenced by nuclear spins in the insulating regime with lower carrier concentrations. 9, 27 On the other hand, the leakage factor of rather highly doped n-GaAs (n ¼ 5 Â 10 16 cm À3 ) gives a smaller value on the order of 10 À2 (Refs. 11 and 13). Comparison between the bias dependence of the satellite peak positions obtained from the simulation and the experiments is shown in Fig. 2 , where the former is plotted as black dashed lines. Here, the simulation was performed by keeping f ¼ 0.3 and changing P s at zero magnetic field to reproduce the non-local spin-valve measurements [red solid line in Fig.  2(a) ]. In the regime of low spin accumulation for I inj < 5 lA, the peak positions in experiments were slightly smaller than the simulated ones. This means that the actual value of f is slightly dependent on P s and smaller than that obtained by the simulation. It then follows that T hf shows a monotonic dependence on P s because of the relation f ¼ 1/(1 þ T hf /T 1 ) from Eq. (3) under the assumption that T 1 is constant. The distance dependence of the Hanle curves presented in Fig. 3 is consistent with this picture. The hyperfine-induced nuclear spin relaxation is driven by flip-flop spin scattering of electrons. Therefore, we consider that the non-equilibrium electron spin polarization would suppress the nuclear spin relaxation due to the hyperfine interaction although the microscopic origin is not fully understood yet. With increasing L, the deviation between the experiment and simulation becomes larger: the peaks shift towards smaller B. This also supports the idea that P s and f have a positive correlation.
In conclusion, we performed a systematic study on the spatial variation of the dynamically polarized nuclear spins by probing non-local Hanle signals at different distances L from the point of injection. The experimental results suggest that the nuclear spin polarization has a strong spatial dependence in the non-local region of the spin injection channel within a length scale of a few lm. The data can be explained by an inhomogeneous distribution of the nuclear field being induced by the spatially varying electron spin polarization. Moreover, from the self-consistent analysis based on the one-dimensional spin drift diffusion model in the presence of a nuclear magnetic field, we determined the leakage factor to be 0.3. This value indicates a weak hyperfine coupling between electron and nuclear spin systems in the non-local region.
